During colonization of the respiratory tract by Bordetella pertussis, virulence factors contribute to adherence of the bacterium to the respiratory tract epithelium. In the present study, we examined the roles of the virulence factors filamentous hemagglutinin (FHA), fimbriae, pertactin (Prn), and pertussis toxin (PT) in the adherence of B. pertussis to cells of the human bronchial epithelial cell line NCI-H 292 and of the laryngeal epithelial cell line HEp-2. Using B. pertussis mutant strains and purified FHA, fimbriae, Prn, and PT, we demonstrated that both fimbriae and FHA are involved in the adhesion of B. pertussis to laryngeal epithelial cells, whereas only FHA is involved in the adherence to bronchial epithelial cells. For PT and Prn, no role as adhesion factor was found. However, purified PT bound to both bronchial and laryngeal cells and as such reduced the adherence of B. pertussis to these cells. These data may imply that fimbriae play a role in infection of only the laryngeal mucosa, while FHA is the major factor in colonization of the entire respiratory tract.
Whooping cough, or pertussis, is a highly contagious infection of the respiratory tract in humans. The main causative microorganism is Bordetella pertussis, a gram-negative coccobacillus that colonizes the respiratory tract and secretes a variety of virulence factors. Some of these factors, including pertussis toxin (PT), adenylate cyclase, tracheal cytotoxin, dermonecrotic toxin, and lipopolysaccharide, exert a toxic effect. Other virulence factors, such as filamentous hemagglutinin (FHA), fimbriae, pertactin (Prn), and PT, have been reported to mediate the adherence of B. pertussis to various mammalian cells, including human epithelial cells (11, 14, 47, 49, 52) and human monocytes (17, 36) . However, most of these studies pertain to the role of one or more of these virulence factors in the binding of B. pertussis to cells (4, 12, 13, 28, 32, 38, 47, 49, 51) ; a comparative study of the most relevant adhesion factors was lacking until now.
FHA has a filamentous structure composed of subunits with a molecular mass of 220 kDa. It is loosely associated with the outer membrane of B. pertussis and is secreted into culture medium during growth. FHA has at least three distinct binding sites: one for glycosaminoglycans (15) , one for carbohydrates (35, 48) , and an arginine-glycine-aspartic acid (RGD) sequence which after binding to the leukocyte response integrin/ integrin-associated protein complex promotes adherence to complement receptor 3 (CD11b/CD18) (20, 36) . B. pertussis produces two serologically distinct types of fimbriae, designated serotypes 2 and 3, composed of the major subunits Fim2 and Fim3, respectively, and one minor fimbrial subunit, FimD (51) . The major subunits binds to glycosaminoglycans (13, 14) , and the minor one binds to the ␣ 5 ␤ 1 -integrin very late antigen 5 (VLA-5; CD49e/CD29) (18) , which is expressed on a variety of cells, including epithelial cells and human monocytes. Prn is a 69-kDa protein associated with the bacterial outer membrane. It contains an RGD sequence (23) , but ligands for Prn have not been identified. PT is a hexameric protein toxin composed of five subunits (S1 to S5) with the A-B conformation, characteristic for many bacterial toxins (44) . It has an A-protomer, harboring the enzymatic toxic activity, and a B-oligomer, mediating binding of the toxin to eukaryotic cells. PT binds to the glycosaminoglycan heparin (27) and has carbohydrate recognition domains which mediate adherence to lectin-like glycolipids such as lactosylceramide and gangliosides (42) which are expressed on many different types of mammalian cells. PT, like FHA, is secreted into the medium during culture of the bacteria.
In the present study, we investigated the contributions of the four virulence factors FHA, fimbriae, Prn, and PT to the adherence of these bacteria to cells of two human respiratory tract epithelial cell lines derived from bronchial and laryngeal epithelia.
MATERIALS AND METHODS
Bacteria and purified bacterial proteins. Bacterial strains used in this study are listed in Table 1 . Bacteria were cultured for 2 days on Bordet-Gengou agar plates (Difco Laboratories, Detroit, Mich.) supplemented with 15% sheep blood. Before use, bacteria were harvested from the plates and suspended in phosphatebuffered saline (PBS; pH 7.4). The number of bacteria was determined with a spectrophotometer at 600 nm and adjusted to 10 8 CFU/ml in HAP medium (PBS containing 3 mM glucose, 150 nM CaCl 2 , 500 nM MgCl 2 , 0.3 U of aprotinin per ml, and 0.05% [wt/vol] human serum albumin) and confirmed by colony counts after plating on Bordet-Gengou agar.
Purified FHA, Prn, and PT used in this study were kindly provided by R. Rappuoli (Biocine SpA, Siena, Italy); purified fimbriae were kindly provided by A. Robinson (Centre for Applied Microbiology & Research, Porton Down, United Kingdom).
Labeling of bacteria. Bacteria were labeled with fluorescein isothiocyanate (FITC; Sigma Chemical Co., St. Louis, Mo.) as described previously (17, 53) . Briefly, bacteria (10 8 /ml) were incubated in a solution of FITC (1 mg/ml), 50 mM sodium carbonate, and 100 mM NaCl (pH 9.0) for 20 min at room temperature, washed four times, and resuspended in HAP medium to a final concentration of 10 8 /ml. The bacteria were kept for 30 min at 37°C until use.
To assess the validity of FITC labeling, bacteria were labeled with SYTO 9 (Molecular Probes Inc., Eugene, Oreg.) as recommended by the manufacturer.
Briefly, bacteria (10 9 /ml) were incubated for 15 min in 0.01 mM SYTO 9 in saline (pH 7.4) at room temperature, washed four times, and resuspended in HAP medium to a final concentration of 10 8 /ml. The bacteria were kept for 30 min at 37°C until use. Neither FITC nor SYTO 9 labeling of bacteria affected the viability of B. pertussis Tohama I and W28 (data not shown).
Cells. The human bronchial epithelial cell line NCI-H 292 (ATCC CRL-1848; American Tissue Culture Collection, Rockville, Md.) (6) and the human laryngeal epithelial cell line HEp-2 (ATCC CCl 23) (33) were used. The cells were cultured in RPMI 1640 (Gibco, Grand Island, N.Y.) containing 1,000 U of sodium penicillin G per ml, 50 g of streptomycin per ml, 2 mM L-glutamine, and 10% heat-inactivated fetal calf serum (Gibco) in uncoated tissue culture flasks (Greiner Labortechnik, Frickenhausen, Germany). Before use in the adherence assay, cultures of NCI-H 292 and HEp-2 cells were detached with 1 mM EDTA in PBS at 37°C for 5 min and washed, and 5 ϫ 10 3 cells per well were subcultured overnight in protein-free medium (Ultradoma-PF; Boehringer Ingelheim/Biowhittaker, Verviers, France) supplemented with sodium penicillin G (1,000 U/ml) and streptomycin (50 g/ml) in Terasaki plates (Greiner Labortechnik).
Mouse sera against B. pertussis virulence factors. Mice (BALB/c/Rivm) were immunized on days 0 and 28 intraperitoneally with 5 g of purified FHA, PT, fimbriae, or Prn adsorbed to aluminum hydroxide (25% Alu-Gel-S; Serva, Heidelberg, Germany) in PBS. Antibody levels in serum samples collected 2 weeks after the second immunization were determined by enzyme-linked immunosorbent assay. Immune sera contained high titers of specific antibodies (Abs) against the respective purified B. pertussis virulence factors. Titers were comparable in the endpoint titration curves, and there was no cross-reactivity between the virulence factors (data not shown).
MAbs. The following monoclonal Abs (MAbs) against human cell surface proteins were used as culture supernatants or purified immunoglobulin (Ig). W6/ 32 (IgG2a; 23 g/ml) against HLA class I antigens A, B, and C (34) and 7.5.10.1 (IgG2a; 2.8 mg/ml) against HLA class II antigens DP, DQ, and DR (22) were kindly provided by F. Koning (Department of Immunohematology and Bloodbank, University Hospital, Leiden, The Netherlands); RR1/1.1 (IgG1; 1.9 mg/ml) against ICAM-1 (CD54) was donated by T. A. Springer (Dana Farber Cancer Institute, Boston, Mass.) (40) ; 4B9 (IgG1; 20 mg/ml) against VCAM-1 (CD106) was obtained from J. M. Harlan (Department of Medicine, University of Washington, Seattle) (9); MY43 (IgM) against Fc␣R (CD89) was provided by J. G. J. van de Winkel (Department of Immunology, University Hospital, Utrecht, The Netherlands) (26); 32.2 (IgG1; 10 g/ml; ATCC HB 469) against Fc␥R-I (CD64) (3), IV.3 (IgG2b; 27 g/ml; ATCC HB 217) against Fc␥R-II (CD32) (25) , CLB-149 (IgG2a; 50 g/ml) against Fc␥R-III (CD16) (29) , CLB-170 (IgG1; 250 g/ml) against the integrin ␤ 2 subunit (CD18) (30) , CLB-37 (IgG1; 100 g/ml) against the integrin ␤ 3 subunit (CD61) (45), NKI-M9 (IgG1; 200 g/ml) against the integrin ␣ v subunit (CD51) of the vitronectin receptor (10) , and 15A8 (IgG1; 200 g/ml) against the integrin ␣ 4 subunit of VLA-4 (CD49d) (19) were all obtained from CLB (Amsterdam, The Netherlands); 11G5 (IgG1; 100 g/ml) against the integrin ␣ 3 subunit of VLA-3 (CD49c), SAM-1 (IgG2b; 500 g/ml) against the integrin ␣ 5 subunit of VLA-5 (CD49e) (46) , and rat MAb G0H3 (IgG2a; 2.7 mg/ml) against the integrin ␣ 6 subunit of VLA-6 (CD49f) (43) were obtained from Sanbio (Uden, The Netherlands); and K-20 (IgG2a; 200 g/ml) against the integrin ␤ 1 subunit (CD29) was obtained from Immunotech (Marseille, France) (2). The FITC-conjugated Abs used were G(F(abЈ) 2 )␣M-Ig/FITC (Southern Biotechnology Associates, Inc., Birmingham, Ala.) and R␣Ra-Ig/ FITC (Dako, Glostrup, Denmark).
Adherence assay. Adherence of the bacteria to the surface of cultured NCI-H 292 or HEp-2 cells was assessed as described previously (17, 53) , with some minor modifications. Overnight cultures in Terasaki plates containing 5 ϫ 10 3 cells per well were washed three times with warm PBS. Next, 5 ϫ 10 5 FITClabeled bacteria in HAP medium were added to each well and incubated for 45 min at 37°C. After five washes with warm PBS to remove nonadherent bacteria, the plates were fixed for 15 min with 0.05% glutaraldehyde (Polyscience Inc., Warrington, Pa.). After two additional washes with PBS at room temperature, plates were examined with fluorescence microscopy at a magnification of ϫ400. The number of bacteria adherent to 100 cells was determined. In some experiments, epithelial cells with adherent unlabeled B. pertussis were fixed with glutaraldehyde (Polyscience) and next stained with 0.01 mM SYTO 9 (Molecular Probes).
Binding of purified B. pertussis virulence factors to epithelial cells. Detached epithelial cells were suspended in PBS containing 1% formaldehyde and incubated for 10 min at room temperature. Next, the cells were washed and resuspended in PBS containing 1% bovine serum albumin (PBS-BSA), and 10 6 cells in 100 l were incubated with the purified B. pertussis antigen FHA, PT, fimbriae, or Prn at different concentrations for 30 min at 37°C. Next the cells were washed twice with PBS-BSA and incubated for 30 min at room temperature with sera obtained from mice immunized with the specific virulence factors. These cells were then washed twice with PBS-BSA and incubated with G(F(abЈ) 2 )␣M-Ig/ FITC (Southern Biotechnology Associates). Thereafter, the cells were washed twice with PBS-BSA before MAb binding was assessed with flow cytometry in a FACScan (Becton Dickinson, San Jose, Calif.) equipped with an argon ion laser (excitation wavelength at 488 nm; laser power, 15 mW) and band-pass filter of 530 nm (width, 30 nm). The fluorescence of 10,000 cells gated in forward and side scatter was analyzed. Cells incubated with FITC-conjugated Ab alone served as a control to set background fluorescence.
Analysis of surface antigen expression on NCI-H 292 and HEp-2 cells. About 10 6 detached cells were incubated for 30 min on ice with 100 l of MAb (2 g/ml) directed against the various surface antigens. Next, the cells were washed twice with ice cold PBS-BSA and incubated with the appropriate FITC-conjugated Ab for 30 min on ice. The cells were washed twice with PBS-BSA before MAb binding was analyzed by flow cytometry in a FACScan (Becton Dickinson).
Viability of bronchial epithelial cells. Viability of epithelial cells after 45 min incubation with B. pertussis Tohama I was assessed by trypan blue exclusion. In addition, the viability of epithelial cells was assessed by the mitochondriondependent reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to formazan (16) . In short, 10 5 epithelial cells per well in culture medium without antibiotics were incubated with 10 7 bacteria per well during various time periods; then 25 l of MTT (5 mg/ml) was added to the cells, and incubation was continued for 2 h at 37°C; next, 100 l of a mixture of 33% N,N-dimethylformamide and 20% sodium dodecyl sulfate (pH 4.7) was added to solubilize the intracellular formed formazan overnight at 37°C. The extent of reduction of MTT to formazan was quantitated by the measurement of optical density at 550 nm minus optical density at 650 nm to correct for remaining MTT. 
RESULTS
Adherence of B. pertussis wild-type strains to epithelial cell lines. First, various wild-type strains of B. pertussis were compared for adherence to the epithelial cell lines NCI-H 292 and HEp-2. The number of bacteria of the wild-type strain Tohama I that adhered to NCI-H 292 cells was similar to that of its derivatives BP536 and BP338 and to that of the wild-type strain W28 (Fig. 1) . Also, there was no significant difference (P Ͼ 0.05) in adherence of strains Tohama I and W28 for the two types of epithelial cells.
The validity of FITC labeling of B. pertussis Tohama I and W28 was determined with the intracellular green fluorescent probe SYTO 9. Bacteria labeled with FITC or SYTO 9 and unlabeled bacteria were allowed to adhere to the epithelial cells. The numbers of bacteria of both wild-type strains labeled with FITC or SYTO 9 adherent to NCI-H 292 cells or HEp-2 cells were similar and not different from the number of adherent unlabeled bacteria ( Table 2) .
Role of virulence factors in adherence of B. pertussis to the bronchial epithelial cell line NCI-H 292 . B. pertussis BP347, the avirulent derivative of strain Tohama I, did not bind the epithelial NCI-H 292 cells, which indicates a role of virulence factors in the interaction between B. pertussis and epithelial cells. To assess the contribution of each virulence factor, the binding of several mutant strains to NCI-H 292 was measured. The adherence of strains lacking PT (strain BP-TOX6), hemolysin activity (strain BP349), or hemolysin and adenylate cyclase (Fig. 2) . Adherence of strain B52, which lacks the major fimbrial subunits, and of strain B316, which lacks the major and minor fimbrial subunits, was also similar to that of Tohama I. Adherence of mutant strains BP101 and GR4, both defective in FHA, was significantly lower (P Ͻ 0.001) than that of strain Tohama I (73 and 62% reduction, respectively), while the adherence of these two mutant strains was the same but still considerably higher (P Ͻ 0.05) than that of the avirulent strain BP347. Strain BBC9, deficient in Prn, and its parental strain W28 showed approximately the same level of binding to NCI-H 292 , which was not significantly different from the level of adherence of strain Tohama I. Role of virulence factors in the adherence of B. pertussis to the laryngeal epithelial cell line HEp-2. In a similar way, the role of the virulence factors in binding of B. pertussis to HEp-2 cells was determined. Strain Tohama I adhered to HEp-2 cells, whereas the avirulent strain BP347 did not (Fig. 3) . Strain GR4, lacking FHA, bound considerably less (79% reduction) to these cells than did strain Tohama I. Mutant strains B52 and B316, lacking fimbriae, also adhered less to HEp-2 cells (45 and 66% reduction, respectively), but their binding was still significant higher (P Ͻ 0.05) than that of the FHA-lacking strain GR4. In addition, strain B316, lacking both the major and minor fimbrial subunits, adhered significantly less (P Ͻ 0.05) to HEp-2 cells than strain B52, which lacks only the major fimbrial subunits. This result suggests a role for FimD in adherence. Adherence of strains BP-TOX6, deficient in PT, and BBC9, deficient in Prn, to HEp-2 cells was similar to that of their parent strains, Tohama I and W28. The levels of expression of Prn on B. pertussis Tohama I and W28 did not vary, as assessed by Western blotting (data not shown).
Binding of purified B. pertussis virulence factors to NCI-H 292 and HEp-2 cells. The above experiments showed differences in the involvement of virulence factors in the adhesion of B. pertussis to NCI-H 292 and HEp-2 epithelial cells. To investigate the mechanisms underlying these differences, purified B. pertussis virulence factors were used to assess their ability to adhere to the surface of epithelial cells. To obtain optimal binding of purified virulence factors to detached epithelial cells, incubation must be performed at 37°C. To prevent under these conditions possible internalization of the virulence factors, cells were treated with a mild fixative. The results showed no difference in surface antigen expression on the surface of both NCI-H 292 and HEp-2 cells in comparison to untreated cells by flow cytometric analysis (data not shown). Flow cytometric analysis showed that both NCI-H 292 and HEp-2 cells bound purified FHA in a dose-dependent fashion (Fig. 4a) . For fimbriae, binding to HEp-2 cells was significantly higher (P Ͻ 0.05) than binding to NCI-H 292 cells (Fig. 4b) . This binding was dose dependent for HEp-2 cells, whereas for NCI-H 292 cells it was significantly increased (P Ͻ 0.05) only with a high (50 g/ml) concentration of fimbriae. Both types of epithelial cell bound purified PT in a dose-dependent fashion (Fig. 4c) , while they did not bind Prn (Fig. 4d) .
Expression of surface molecules on NCI-H 292 and HEp-2 cells. Because the two types of epithelial cells differed in the capacity to bind virulence factors, the expression of a variety of surface molecules on these cells was studied. Fluorescenceactivated cell sorting analysis showed that cells of neither the bronchial epithelial cell line NCI-H 292 nor the laryngeal epithelial cell line HEp-2 expressed HLA-II, VCAM-1, Fc␥R-I, Fc␥R-II, Fc␥R-III, Fc␣R, ␤ 2 -integrin, ␤ 3 -integrin, integrin ␣ 3 subunit of VLA-3, and integrin ␣ 4 subunit of VLA-4 (data not shown). The expression level of the ␤ 1 -integrin family was higher on NCI-H 292 cells than on HEp-2 cells (Table 3) . On NCI-H 292 cells, VLA-6 is the main ␤ 1 -integrin expressed, whereas VLA-6 and VLA-5 are about equally expressed on HEp-2 cells. Furthermore, HEp-2 cells expressed higher levels of HLA-I molecules than did NCI-H 292 cells. Both cell types equally expressed ICAM-1 and ␣ v -integrin.
Role of purified PT in adherence of B. pertussis to NCI-H 292 cells. Since purified PT bound to epithelial cells and the adherence of strain BP-TOX6, lacking PT, to these cells was not reduced, the question of whether cell-bound PT would affect the adherence of B. pertussis was raised. To investigate this possibility, NCI-H 292 cells were preincubated with increasing concentrations of purified PT for 30 min at 37°C, washed, and then incubated with strain Tohama I, BP-TOX6, or GR4. The results showed a dose-dependent reduction of adherence of the wild-type strain Tohama I (Fig. 5a ), but the binding of strain BP-TOX6, which lacks PT, was also reduced in a dosedependent fashion (Fig. 5b) . Furthermore, the already low binding of strain GR4, lacking FHA, was further reduced after preincubation of NCI-H 292 cells with purified PT (Fig. 5c) .
Role of B. pertussis toxins on the viability of NCI-H 292 cells. The toxic effects of B. pertussis toxins such as PT and adenylate cyclase during exposure of the bacteria to NCI-H 292 cells were examined. After incubation of epithelial cells with virulent B. pertussis Tohama I for 45 min, more than 95 and about 93% of the cells remained viable, as determined by trypan blue exclusion and reduction of MTT, respectively. Similar percentages of viability were obtained when NCI-H 292 cells were incubated with medium alone (Ͼ95%) or with the avirulent B. pertussis strain BP347 (89%). Incubation for up to 24 h of the epithelial cells with B. pertussis Tohama I or BP347 or with medium alone did not result in a large reduction of viable cells (76, 92, or 86% viable cells, respectively).
DISCUSSION
The major conclusions of this present study are that both fimbriae and FHA are involved in the adherence of B. pertussis to laryngeal epithelial HEp-2 cells and only FHA is involved in the adherence of these bacteria to bronchial epithelial NCI-H 292 cells. These conclusions are based on our observations that mutant B. pertussis strains lacking either FHA or fimbriae adhere poorly to the laryngeal cells, whereas mutant strains lacking only FHA have reduced adherence to bronchial cells. Furthermore, it has been found that both purified FHA and purified fimbriae bind in a dose-dependent fashion to laryngeal cells, whereas FHA binds dose dependently to bronchial cells.
Both the major and minor fimbrial subunits are involved in the fimbria-mediated adherence of B. pertussis to laryngeal cells. A role for the major fimbrial subunits follows from the finding that the adherence of B. pertussis B52, which lacks the major fimbrial subunits but expresses the minor fimbrial subunit FimD, to laryngeal cells is lower than the binding of the wild-type B. pertussis Tohama I. Strain B316, which lacks all fimbrial subunits, adhered significantly less to laryngeal cells than did strain B52, indicating also a role for the minor fimbrial subunit in the adherence of B. pertussis to the laryngeal cells. It has been demonstrated that both major and minor fimbrial subunits bind to sulfated sugars (13, 14) , while the minor fimbrial subunit adheres also to the ␤ 1 -integrin VLA-5 (18) . Therefore, the difference between bronchial and laryngeal cells in the ability to bind fimbriae, and in particular the fimbrial subunit FimD, suggests a difference in the expression of surface molecules on epithelial cells which may serve as receptors for fimbriae. Using flow cytometric analysis, we found that laryngeal cells expressed comparable levels of VLA-5 and VLA-6, whereas bronchial cells expressed lower levels of VLA-5 than of VLA-6. Thus, besides the binding of B. pertussis via fimbriae to sulfated sugars (13, 14) , our results argue for a role of VLA-5 in the fimbria-mediated binding of B. pertussis to laryngeal cells.
In contrast to an earlier report describing a role for Prn in the adherence of B. pertussis to CHO cells and HeLa cells (23) , no evidence was found for the contribution of Prn in the adherence of B. pertussis to either bronchial or laryngeal cells. Binding of strain BBC9, which lacks Prn, was similar to that of the wild-type strain W28, and purified Prn did not bind to either of the epithelial cell lines.
This study provides evidence that PT does not contribute to the adherence of B. pertussis to epithelial cells and even can inhibit such adhesion. This conclusion is supported by several observations. Although purified PT binds dose dependently to the surface of both epithelial cell lines, the adhesion of the PT-deficient strain BP-TOX6 to both the bronchial and laryngeal cells was similar to that of the wild-type strain Tohama I. Furthermore, preincubation of bronchial cells with purified PT inhibited the adherence of both Tohama I and BP-TOX6. The low residual adherence of the FHA deficient strain GR4 to epithelial cells was further reduced by purified PT. Since immunoelectron microscopic studies (5, 8) could not detect PT at the surface of B. pertussis, we assume that PT is released from the bacteria. Consequently, PT binds to the surface of the respiratory epithelium and interferes with the adherence of B. pertussis to these cells. How PT bound to epithelial cells eventually inhibits such bacterial adherence is not yet resolved.
FITC is a amine-reactive probe which covalently binds to ␣-amino groups at the N termini of proteins and ε-amino groups of lysines. To assess the validity of FITC labeling of B. pertussis, an intracellular green fluorescent probe (SYTO 9) was used. No significant differences were observed in the number of FITC-or SYTO 9-labeled wild-type B. pertussis strains Tohama I and W28 or unlabeled bacteria in adherence to either cell line. These data indicated that labeling of bacteria with FITC does not affect binding sites of virulence factors of B. pertussis.
To exclude toxic effects of PT and adenylate cyclase, bronchial cells were incubated with wild-type strain Tohama I. Since we observed no effect on the viability of the cells, we conclude that neither virulence factor has a toxic effect on respiratory tract epithelial cells. This observation is supported by an earlier report describing that tracheal cytotoxin instead of PT is the toxic virulence factor for primary human ciliated bronchial epithelium (52) .
Various studies of the involvement of B. pertussis virulence factors in the adherence of these bacteria to host cells have been reported. These studies were performed with animal cells such as CHO (23, 37) , Vero (12), baboon ciliated tracheal (12) , and rabbit ciliated (31, 37) cells and with a murine infection model (14, 21, 32) . Also, human-derived cell lines such as HeLa (11, 23, 28) , WiDr (49), and HEp-2 (13, 38) have been used, and one report describes the interaction between B. pertussis and primary human ciliated respiratory tract epithelium (47) . From these studies emerged a clear role for FHA as an adhesin of B. pertussis to epithelial cells. In none of these studies were the four virulence factors FHA, PT, fimbriae, and Prn, which are candidates to mediate bacterial adhesion, studied simultaneously under the same experimental conditions. Although it would be desirable to use primary human respiratory tract epithelial cells to study the role of B. pertussis virulence factors as possible adhesins, these epithelial cells show great morphological variance when subcultured, and the number of viable cells that can be obtained is very limited. Therefore, in the present study we used cell lines derived from human respiratory tract epithelium which maintain their surface characteristics during extensive subculture and optimally resemble the in vivo situation, especially with respect to the expression of surface molecules (1, 7).
In conclusion, the data from our study using human epithelial cell lines of different sites of the respiratory tract together with in vivo studies using mice (14, 21, 32) or rabbits (31) suggest that fimbriae play a role in a B. pertussis infection of laryngeal mucosa whereas FHA is the major factor in colonization of the entire respiratory tract. These results imply strong arguments for including fimbriae in acellular vaccines.
